
































































































































































































































































































































































































































































































































































































 

 

 
 
 

Study Shows Carbon Neutrality of Biomass Manufacturing Residuals  
Used for Energy in Forest Products Industry 

 

A recent study by the National Council for Air and Stream Improvement (NCASI)1 has 
found substantial greenhouse gas reduction benefits from using manufacturing 
residuals for biomass energy in the forest products industry.  The study, “Greenhouse 
Gas and Fossil Fuel Reduction Benefits of Using Biomass Manufacturing Residuals for 
Energy Production in Forest Products Facilities,” examined the life cycle greenhouse 
gas and fossil fuel reduction benefits of using biomass residuals for energy production 
in the U.S. forest products industry.  Wood processing activities at pulp, paper and 
wood products mills produce a significant volume of biomass residuals, and they are the 
primary source of energy to run the mills.  On average, about two-thirds of the energy 
powering forest products mills is derived from biomass.  The study shows: 

 There are substantial greenhouse gas reduction benefits in using biomass 
manufacturing residuals for energy in the forest products industry.  Each year, the 
use of such biomass avoids the emission of approximately 218 million metric tons of 
CO2e.  (This is equivalent to removing over 40 million cars from the road.)   

 The benefits of using biomass residuals for energy, rather than disposing of them, 
have been rapidly realized:  

o Considering a weighted average of all residuals reflecting the volumes of their 
use, their greenhouse gas reduction benefits are superior to fossil fuels within 
much less than a year.    

o Even if the benefits of displacing fossil fuels with biomass residuals are 
ignored, on average using biomass residuals for energy produces within 2.4 
years lower cumulative greenhouse gases emissions than disposal.  

o When considering its ongoing production and use of biomass energy over 
many years, the U.S. forest products industry is producing net greenhouse 
gas benefits by using biomass energy as its major energy source.   

 If the U.S. forest products industry did not use biomass residuals and relied solely on 
fossil fuels for energy, the ultimate releases of greenhouse gases would more than 
quadruple. 

This underscores the importance of policymakers continuing to recognize the forest 
products industry’s use of biomass energy as carbon neutral.  

                                                            
1 The National Council for Air and Stream Improvement (NCASI) is an independent, non‐profit research institute 
that focuses on environmental and sustainability topics relevant to forest management and the manufacture of 
forest products.  
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PRESIDENT’S NOTE 

NCASI continues its work to address the United States Environmental Protection Agency’s expressed 
interest in the life cycle greenhouse gas benefits associated with using biomass. The regulatory 
decisions EPA makes on this topic have the potential to greatly affect the costs of doing business  
and the perception of the forest industry’s products in the marketplace. The forest products industry, 
therefore, has a great deal at stake in ensuring that the agency’s deliberations on this topic are well 
informed. 

In an earlier report, NCASI examined the life cycle greenhouse gas and non-renewable energy 
benefits of using black liquor in the kraft recovery system. In the study described herein, NCASI 
extends this work to other types of biomass-based manufacturing residuals used for energy generation 
within the industry. While there are numerous studies examining the life cycle impacts of biomass 
energy, none has applied the comprehensive approach used here by NCASI to characterize the 
impacts of the industry’s use of energy produced from biomass residuals.  

In this study, NCASI has compared systems involving the use of biomass-based manufacturing 
residuals for energy to comparable systems relying on fossil fuels. The results indicate that the 
industry’s use of these manufacturing residuals for energy avoids the release of approximately  
110 million metric tons of CO2E per year.  

Combining the results of this study with the results of the previous NCASI study on black liquor 
reveals that each year’s use of biomass-based manufacturing residuals (including black liquor) in the 
US forest products industry avoids the emission of approximately 218 million metric tons of CO2E, 
an amount more than three times the annual direct emissions of CO2 from fossil fuel combustion in 
the industry.  

This study is one of a series of ongoing NCASI projects having the objective of helping the forest 
products industry and its stakeholders better understand the greenhouse gas and energy impacts of 
using forest biomass as a raw material and fuel. 

 

Ronald A. Yeske 

October 2013 
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BIOMASS MANUFACTURING RESIDUALS FOR ENERGY PRODUCTION IN 

FOREST PRODUCTS FACILITIES 

TECHNICAL BULLETIN NO. 1016 
OCTOBER 2013 

ABSTRACT 

This study examined the life cycle greenhouse gas (GHG) and fossil fuel-related benefits of using 
various biomass residuals for energy production within the forest products industry, including pulp 
and paper mills and wood products manufacturing facilities. More specifically, woody mill residuals 
(e.g., bark, sawdust, etc.), wastewater treatment plant residuals, and paper recycling residuals (i.e., 
materials removed during processing of recovered fiber to eliminate contaminants and yield reusable 
fiber) were studied. Two product systems were compared: a product system in which the biomass 
residuals are burned for energy in a forest products industry facility (biomass energy system), and a 
product system in which the biomass residuals are disposed of and fossil fuels are used instead to 
generate an identical amount and form of energy (non-use system). For each residual type, various 
scenarios were evaluated, including one (the typical scenario) that best represents the industry 
average. Moreover, a variety of residual characteristics were subjected to sensitivity analyses. 

For all residuals studied, except paper recycling residuals, the system using residuals for energy 
produced GHG emissions, not including biogenic CO2, that were generally 98% lower than those 
from the system disposing of the residuals instead of using them for energy. Paper recycling residuals 
resulted in significant but lower benefits because they are comprised of a portion of plastic. Even 
when biogenic CO2 was included in the analysis, the GHG emissions for typical scenarios regarding 
a) woody mill residuals, b) wastewater treatment plant residuals, and c) paper recycling residuals 
were lower in the biomass energy systems by 261 kg CO2E/GJ, 295 kg CO2E/GJ and 112 kg 
CO2E/GJ, respectively when compared to the non-use systems. Compared to the analogous fossil 
fuel-based systems, fossil fuel consumption was found to be lower by more than 99% for all residuals 
examined in this study. The benefits of using biomass residuals for energy production start to be seen 
in less than one year under typical scenarios. An analysis that addressed the fate of the biogenic 
carbon, not considering fossil fuels substitution benefits, was also performed which showed that 
benefits from using residuals for energy, including black liquor, start to be achieved in 0 to 7.7 years, 
with a weighted average of 2.4 years.  

The current annual use of the manufacturing residuals examined in this report avoids the release, over 
time, of approximately 110 million tonnes of CO2E. Combining the results of this study with the results 
of the previous NCASI study on black liquor reveals that each year’s use of biomass-based 
manufacturing residuals (including black liquor) in the US forest products industry avoids the 
emission of approximately 218 million tonnes of CO2E, which is more than three times the annual 
direct emissions of CO2 from fossil fuel combustion in the industry.  

KEYWORDS 
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EXECUTIVE SUMMARY 

Wood handling and processing activities in log yards, sawmills, pulp and paper mills, and other forest 
products activities produce a significant amount of residuals, most of which consist of black liquor, 
bark, sawdust, shavings, and other woody debris. These currently available residuals are increasingly 
being used as a source of renewable energy.  

There have been a rapidly increasing number of life cycle assessment (LCA) studies of energy 
produced from woody biomass. Studies have mainly focused on electricity generation and district 
heating. In those instances where studies have addressed the use of woody biomass residuals by forest 
products facilities (e.g., sawmills), they typically have not considered alternative fates for the 
residuals. In addition, while not traditionally considered in typical LCA studies, the timing of 
emissions may be an important consideration in some contexts.  

ES.1 Objective 

The overall objective of this study was to evaluate the life cycle (cradle-to-final energy analysis)  
greenhouse gas (GHG) and fossil fuel reduction benefits of using various forms of forest biomass 
residuals (manufacturing-related) for energy production in forest products manufacturing facilities in 
contrast to no beneficial use of these residuals coupled with production of the same quantity and form 
of energy using fossil fuels. This study supplements a previous NCASI study that analyzed the 
greenhouse gas reduction benefits of using spent pulping liquor, known as black liquor, for energy in 
the forest products industry, for which the results are also summarized in this study to present a 
comprehensive picture of the benefits of the industry’s use of forest biomass residuals for energy 
production. 

This study also included two secondary objectives: 1) to analyze the emissions of biogenic 
greenhouse gases (GHGs) directly released from the units in which the residuals are managed (i.e., 
combustion units or landfills, also called a gate-to-gate analysis) and 2) to analyze the 
annual/cumulative emissions attributable to the use of the residuals for energy as an ongoing, long-
standing practice (both in terms of cradle-to-final energy and gate-to-gate boundaries). 

The biomass residuals specifically studied in this project were 

 woody mill residuals (e.g., bark, sawdust and other similar manufacturing residuals from 
sawmills, panel plants, and pulp and paper mills); 

 wastewater treatment plant (WWTP) residuals; and 

 paper recycling residuals (e.g., old corrugated container (OCC) rejects)1. 

                                                      

1 Paper recycling residuals are materials removed during processing to eliminate contaminants and yield 
reusable fiber. They generally consist of a fiber and plastic fraction. 
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ES.2 Methods 

ES.2.1 Methods for the Cradle-to-Final Energy Analysis  

For each type of residual, the study compared two different product systems:  

1) one in which the biomass residuals are burned for energy (biomass energy system); and 
2) one in which the biomass residuals are disposed of and fossil fuels are used instead to 

generate an identical amount and form of energy (non-use system). 

More specifically, the methodology used in this study followed life cycle principles by calculating 
emissions from “cradle to final energy,” including fuel conversion efficiency. The primary functional 
unit employed in this study was the production of 1 GJ of energy.  It is important to note that 
whether manufacturing residuals are used for energy or disposed of, the same number of trees would 
be harvested and the same quantity of resources would be required to produce the related forest 
products. 

The overall analysis approach employed in this study is as follows. First, for each system component 
of the study (size reduction, biomass energy production, alternative fate of the residuals and fossil 
fuel displaced), several scenarios were defined. These scenarios were intended to represent a broad 
range of conditions in the US forest products industry. Then, a typical scenario was defined for each 
residual type representing the best estimate of average conditions in the US in terms of the system 
components mentioned above. The typical scenario was analyzed to determine 1) typical benefits 
obtained by using a given residual type, 2) the contribution of each different system component to the 
overall results, 3) the sensitivity of various parameters (i.e., biomass properties such as higher heating 
value, water content, etc.) to the results, and 4) the timing of emissions. Where possible, each 
parameter was analyzed using a base case, low, and high value. Finally, a number of system 
configuration scenarios were also analyzed. 

The difference in greenhouse gas impact (GHGI) between product systems was determined by 
calculating the differences in annual GHG emissions from the systems and determining the 
cumulative radiative forcing impacts associated with these differences over time, out to 100 years. 
The difference in GHGI between the two systems was calculated twice, once with biogenic CO2 
included in the analysis and once with biogenic CO2 excluded. In addition to characterizing the total 
difference in GHGI over 100 years, this study examined the implications of using biomass residuals 
for energy as a function of time. When residuals are burned for energy, the biogenic carbon is 
immediately released to the atmosphere. In contrast, residuals placed into landfills degrade and 
release the carbon over time.2 In such cases, the emissions from the biomass energy system could 
sometimes be higher in the short term than those from the non-use system, but the emissions from the 
non-use system overtake those from the biomass energy system relatively quickly. For each residual, 
this study computed the number of years required for the cumulative radiative forcing associated with 
the emissions from the non-use system to equal the cumulative radiative forcing associated with the 
emissions from the biomass energy system (referred to as the “break-even time” in this report). After 

                                                      

2 The results of an earlier study of the benefits of using black liquor are also included in this report. For black 
liquor, it is difficult to construct an alternative fate scenario because the material is integral to pulp production. 
Nonetheless, in the earlier study it was assumed that, if not used in the kraft recovery cycle, black liquor would 
be incinerated or treated in aerobic wastewater treatment plants. In both cases, the carbon returns to the 
atmosphere far too rapidly for carbon storage to be important in the calculations. It was assumed that all carbon 
is emitted as biogenic CO2. If, however, some of the carbon was emitted as methane, the benefits of using the 
liquor in the kraft recovery cycle would be greater than estimated in the previous study. 
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this point, the cumulative radiative forcing associated with the non-use system remains higher than 
that associated with the biomass energy system for the remainder of the 100-year period. Dynamic 
calculations of cumulative radiative forcing were used in the analysis rather than conventional global 
warming potentials because the intent was to capture the time-dependent impacts of each system, 
which is not possible using global warming potentials which assess cumulative radiative forcing over 
a single period (e.g., 100 years). 

The difference in fossil fuel consumption between the two systems use was also calculated. 

ES.2.2 Methods for Additional Analyses  

In addition to the life cycle analyses described above, two secondary analyses were undertaken. 

The first involved limiting the analysis to the fate of the biomass carbon, without regard to fossil fuel 
substitution benefits. In this analysis, the two compared systems (i.e., the biomass energy system and 
the non-use system) have been compared in terms of the emissions coming directly out of the units 
receiving the residuals (i.e., combustion units or landfills). In the case of paper recycling residuals, 
only the fiber fraction was considered as the focus here was on the fate of the biomass carbon. The 
results were computed for two indicators: difference in GHGI over 100 years and break-even time. 

The second analysis consisted of changing the frame of analysis to evaluate the annual/cumulative 
emissions attributable to the ongoing use of the residuals. For this analysis, a different functional unit 
was used, defined as the yearly production of 1 GJ of energy as an ongoing practice. The 
differential GHGI indicator was computed on a yearly basis so as to estimate when in the past the 
practice would have had to begin in order for the difference in GHGI to become zero in 2014. These 
results were computed both for the full life cycle (i.e., including fossil fuel substitution) and for the 
more constrained analysis looking only at the biogenic GHG emissions from the units receiving the 
residuals. 

ES.3 Results from the Cradle-to-Final Energy Analysis, Including the Benefits of Displacing 
Fossil Fuels 

ES.3.1 Difference in GHGI, Including Biogenic CO2 

Table ES.1 summarizes the differences in life cycle GHG impact, over 100 years, between the 
systems using residuals for energy and the systems using fossil fuels when biogenic CO2 is included 
in the emissions. The negative values in this table indicate that the biomass energy system produced 
less impact than the non-use system. When considering a weighted average of all residuals used by 
the industry, including black liquor, the biomass energy systems produced an emissions impact that 
was lower by 208 kg CO2E/GJ when compared to the non-use systems. Given current practice, this 
means that the use of manufacturing residuals (including black liquor) in the industry for one year 
avoids approximately 218 million tonnes CO2E, which is more than three times the annual direct 
emissions (Scope 1) associated with the combustion of fossil fuels in the forest products industry.  

The reduction occurs across a range of system configuration scenarios (boiler type, assumptions about 
the displaced fossil fuel, the GHG intensity of the electricity grid, and the level of cogeneration at 
forest products facilities) and without affecting the amount of wood harvested or the amount of forest 
products produced.  
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ES.5 Conclusions 

In this study, the GHG and fossil fuel-related benefits of using woody manufacturing residuals, 
recycling residuals, and wastewater treatment plant residuals for energy production within the forest 
products industry were analyzed using life cycle principles and other methods. It was shown that 
using all types of residuals for energy production produces significant benefits both in terms of 
reduced fossil fuel consumption and reduced greenhouse gas emissions impacts. This result is valid 
across a range of system configuration scenarios (boiler type, assumptions about the displaced fossil 
fuel, the GHG intensity of the electricity grid, and the level of cogeneration at forest products 
facilities), residual characteristics (e.g., heating value, moisture content), and whether or not the 
benefits from fossil fuel substitution are considered. These findings hold true whether biogenic CO2 is 
included in the analysis or excluded by giving it an emission factor of zero (equivalent to what is 
sometimes called “carbon neutrality”). 

The specific GHG results, including biogenic CO2, for the individual residuals and for the weighted 
average industry residuals are summarized in Tables ES.2 and ES.3. The benefits occur without 
affecting the amount of wood harvested or the amount of wood products produced. It typically takes 
less than 0.6 years for the cumulative radiative forcing associated with emissions from the biomass 
energy system to be lower than that of the corresponding non-use system, with a weighted average 
(reflecting industry’s typical use of residuals) of less than 0.2 years. Even ignoring the benefits of 
displacing fossil fuel and limiting the analysis to biogenic emissions, the cumulative radiative forcing 
impacts associated with emissions from the biomass energy systems are lower than those from the 
non-use systems in 0 to 7.7 years, depending on the residual, with a weighted average of 2.4 years.  

When considered as an ongoing practice (e.g., ongoing production of 1 GJ energy per year), and 
when displaced fossil fuels are considered, net benefits from using residuals for energy are observed 
in two years or less. In the case where the benefits of displacing fossil fuels are ignored, the break-
even times are longer, but even in this case, considering the weighted average mix of residuals used in 
the industry, it takes 6 years to realize net benefits from using manufacturing residuals for energy. 
This means that a facility that began using the average mix of residuals for energy in 2008 would be 
showing net benefits on an ongoing basis in 2014, even ignoring the benefits of displacing fossil 
fuels. Black liquor and woody mill residuals comprise 95% of the biomass residuals used in the 
industry for energy. Kraft black liquor has been commonly burned for energy and chemical recovery 
since at least the 1950s when the kraft pulping process became widespread. Woody mill residuals 
have been used for energy at forest products manufacturing facilities since the 1800s. 

The GHG emissions reduction benefits of using manufacturing residuals for energy in the forest 
products industry are large. Given current practice, the use of manufacturing residuals (including 
black liquor) in the industry for one year avoids an emissions impact of approximately 218 million 
tonnes CO2E, equal to more than three times the annual direct emissions associated with the 
combustion of fossil fuels in the forest products industry.  
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GREENHOUSE GAS AND FOSSIL FUEL REDUCTION BENEFITS OF USING 
BIOMASS MANUFACTURING RESIDUALS FOR ENERGY PRODUCTION IN 

FOREST PRODUCTS FACILITIES 

1.0 INTRODUCTION AND BACKGROUND 

1.1 Background 

The use of wood for energy has attracted considerable attention as a greenhouse gas mitigation option 
(FAO 2008). The United States (US) and Canada are among the largest OECD3 users of wood for 
industrial bioenergy, primarily from indirect sources including black liquor and other manufacturing 
residuals (FAO 2008; Steierer et al. 2007). Wood harvesting and handling, as well as processing 
activities in log yards, pulp and paper mills, sawmills, and other forest products activities produce a 
significant amount of residuals, most of which consist of bark, sawdust, shavings, and harvest 
residuals and other woody debris. These residuals are increasingly being used as a source of 
renewable energy. Often, however, the residuals that are not beneficially used are either incinerated or 
placed in a municipal or on-site industrial landfill.  

Recent years have seen both a rise in the interest in substituting biomass for fossil fuels and in the 
skepticism about the greenhouse gas (GHG) benefits of this substitution. While programs that 
promote the use of biomass as a substitute for fossil fuel have important connections to the issues of 
energy security and economic sustainability, it is the questions about greenhouse gas mitigation 
benefits that have been at the center of the debate on whether and how to increase the reliance on the 
use of biomass for energy. 

An important distinction between biomass carbon (also known as biogenic carbon) and the carbon in 
fossil fuels is that biogenic carbon was only recently removed from the atmosphere. When biomass is 
burned, decays, or is otherwise oxidized, the resulting CO2 is returned to the atmosphere. The net 
transfers of biogenic carbon to the atmosphere can be zero if the uptake of carbon (in CO2) by 
growing trees is equivalent to the biogenic carbon released in the combustion and decay of biomass 
(sometimes referred to as representing “carbon neutrality”). Where the amounts of biogenic CO2 that 
return to the atmosphere are less than the amounts removed, the difference represents increases in 
stocks of stored carbon (net removals from the atmosphere). Where net returns are greater than the 
amounts removed, the difference represents depleted stocks of stored carbon.  

The net transfers of biogenic CO2 to the atmosphere associated with the production and use of 
biomass can be used to characterize the GHG emissions associated with a biomass energy system, 
often called the “carbon footprint” of the system. Understanding the impacts of using biomass for 
energy, however, requires a different analytical framework than used for a carbon footprint. In 
studying the impacts of using biomass for energy, one must consider how that energy might be 
produced if biomass was not used and the fate of the biomass if not used for energy. In this study, the 
objective was to understand the impacts of using biomass for energy so the life cycle emissions from 
a system using biomass for energy are compared to the life cycle emissions from alternative systems 
where the biomass undergoes an alternative fate and fossil fuels are used to produce an equivalent 
amount of energy. 

                                                      

3 Organisation for Economic Co-operation and Development. 
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1.2 Review of LCA Studies 

In recent years, there has been a rapidly increasing number of life cycle assessment (LCA) studies of 
woody biomass residual energy systems. Table 1.1 provides an overview of the main studies recently 
published that compared woody biomass residual energy systems with fossil fuel-based energy 
systems and focused on direct energy production from the residuals, not including studies looking at 
liquid biofuels. Only studies published in the peer-reviewed literature are presented in this table. The 
overview does not purport to be exhaustive. 

It can be seen from Table 1.1 that these studies have mainly focused on electricity generation and 
direct heating and that, in cases where the authors looked at the use of woody biomass residuals by 
forest products facilities (e.g., sawmills), they typically did not consider alternative fates for the 
residuals. It is also interesting to note that there are very few studies covering other manufacturing 
residuals from the forest products industry, such as wastewater treatment residuals and paper 
recycling residuals, and their use for energy production.  

In addition, while not traditionally considered in typical LCA studies, the timing of emissions may be 
an important consideration for certain policy discussion/design contexts. When residuals are burned 
for energy, the biogenic carbon is immediately released to the atmosphere. In contrast, residuals 
placed into landfills or left on forest sites degrade slowly, releasing carbon over time. In these cases, 
the emissions from burning biomass for energy could be higher in the short term than those associated 
with disposing of the biomass, but this is generally compensated for relatively quickly by the benefits 
from fossil fuel substitution or benefits from avoiding the disposal emissions of the biomass residuals. 
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energy as an ongoing, long-standing, practice (both in terms of cradle-to-final energy and gate-to-gate 
boundaries). 

The biomass residuals studied in this project were 

 woody mill residuals (e.g., bark, sawdust, and other similar manufacturing woody residuals 
from sawmills, panel plants, and pulp and paper mills); 

 wastewater treatment plant (WWTP) residuals; and 

 paper recycling residuals (e.g., old corrugated container (OCC) rejects)4. 

For each type of residuals, the study compared a base case of no beneficial use of residuals (including 
their alternative fates) with 100% use for energy generation. Note that whether or not these residuals 
are used for energy production, the same number of trees would be harvested and the same quantity 
of resources would still be required to produce the related forest products. In addition to heat 
production, the study also included combined heat and power (CHP) as a second option for using the 
residuals. Other options for processing or using the wood residuals (e.g., torrefaction, gasification, 
hydrolysis and fermentation, other beneficial uses) were not analyzed. 

3.0 INTENDED APPLICATION AND TARGETED AUDIENCE 

The intended application is to inform the discussion and development of policies that require an 
understanding of the impacts of using biomass-based manufacturing residuals for energy at forest 
products manufacturing facilities. The targeted audience of this report is individuals interested in 
understanding these impacts. 

4.0 METHODS 

4.1 Cradle-to-Final Energy Analysis 

4.1.1 Overview Methodology Employed 

Life Cycle Assessment (LCA) is the “compilation and evaluation of the inputs, outputs and the 
potential environmental impacts of a product system throughout its life cycle,” the life cycle being 
“consecutive and interlinked stages of a product system, from raw material acquisition or generation 
from natural resources to final disposal” (ISO 2006a, p. 2). 

LCA principles and methodology are framed by a set of standards (ISO 2006a, b) and technical 
reports and specifications (ISO 2002, 2012a, b) from the International Organization for 
Standardization (ISO). ISO describes LCA methodology in four phases: 

1) Goal and scope definition, in which the aim of the study, the product system under study, its 
function and functional unit, the intended audience, and the methodological details on how 
the study will be performed are defined;  

2) Life cycle inventory analysis (LCI), which is the “phase of life cycle assessment involving 
the compilation and quantification of inputs and outputs for a product throughout its life 
cycle”(ISO 2006a, p. 2);  

                                                      

4 Paper recycling residuals are materials removed during processing to eliminate contaminants and yield 
reusable fiber. 
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3) Life cycle impact assessment (LCIA), which is the “phase of life cycle assessment aimed at 
understanding and evaluating the magnitude and significance of the potential environmental 
impacts for a product system throughout the life cycle of the product” (ISO 2006a, p. 2); and 

4) Life cycle interpretation, which is the “phase of life cycle assessment in which the findings 
of either the inventory analysis or the impact assessment, or both, are evaluated in relation to 
the defined goal and scope in order to reach conclusions and recommendations” (ISO 2006a, 
p. 2). 

This study 

 used widely accepted LCA concepts, such as those described in LCA ISO standards 14040 and 
14044 (International Organization for Standardization (ISO) 2006a, b); 

 was built on the approaches by others [e.g., US Environmental Protection Agency (EPA), 
Consortium for Research on Renewable Materials (CORRIM)];  

 was based on known and established competitive materials and alternative fates for biomass 
residuals; and 

 did not consider any “export” of the residuals outside the forest products industry (e.g., to 
utilities).  

More specifically, the methodology used in this study followed life cycle principles, by calculating 
emissions from “cradle to final energy” including fuel conversion efficiency. However, a simplified 
(streamlined) LCA methodology was applied. Streamlining generally can be accomplished by 
limiting the scope of the study or simplifying the modeling procedures, thereby limiting the amount 
of data or information needed for the assessment (Todd and Curran 1999). Many different 
streamlining approaches can be applied. In this study, two main approaches were taken: limiting the 
impact assessment to two indicators (global warming, fossil fuel consumption) and for the most part 
using generic information. Because of this, this study does not fully comply with ISO 14044 
requirements for comparative assertions disclosed publicly. However, the study aligns as much as 
possible with this standard. 

4.1.2 Functions and Functional Units 

In this study, the primary functional unit was the production of 1 GJ of energy. The product systems 
being compared also fulfilled an additional implicit function which is the management of the quantity 
of residuals required to produce 1 GJ of energy. This is further discussed in Section 4.1.4. 

4.1.3 Scenario and Sensitivity Analyses 

The overall analysis approach employed in this study is depicted in Figure 4.1. First, for each system 
component of the study (size reduction, biomass energy production, alternative fates of the residuals 
and fossil fuel displaced), possible scenarios were defined. These scenarios were intended to represent 
a broad range of conditions in the US forest products industry.  

Then, a typical scenario was established for each residual type as the best estimate for representing 
average conditions in the US in terms of the different system components mentioned above. The 
typical scenario was analyzed to determine typical benefits obtained by using a given residual type, 
the contribution of each different system component to the overall results, the sensitivity of various 
parameters (e.g., higher heating value, water content, etc.) to the results, and the effect of time on the 
results. Where possible, each parameter was analyzed using a base case, low, and high value. 
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Perturbation analyses were also performed. The general idea behind perturbation analyses is that 
perturbations of the input parameters propagate as smaller or larger deviations to the resulting output 
(Heijungs and Kleijn 2001). The objectives of perturbation analyses are to provide 1) a list of those 
input parameters for which a small imprecision already leads to important changes in the results, and 
2) interesting suggestions for improving the environmental performance of the system. For each 
parameter tested in sensitivity analysis, a perturbation analysis was also performed and a sensitivity 
ratio was calculated as outlined below. 

Sensitivity ratio = Percent change in output variable/Percent change in input variable 

The input variable is the parameter tested in sensitivity analysis while the output variable is a given 
environmental indicator (see more detail in Section 4.1.6). For instance, a sensitivity ratio of +1.0 
means that the score of the environmental indicator increases by 1% when the parameter value is 
increased by 1%. The more negative an environmental indicator score, the better the performance of 
the biomass energy system compared to the non-use system. The more positive or the more negative a 
sensitivity ratio is, the more sensitive a parameter is. 

 

 

Figure 4.1  Study Overall Approach for the Life Cycle Based Analyses 
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4.1.4 Product Systems Studied, System Boundaries, and Allocation 

For each type of residual, the study compared a base case of no beneficial use of residuals (while 
accounting for their alternative fate) with 100% use for energy generation. The different product 
systems studied and compared in this study are discussed next. The general approach was to include 
within the system boundary only the processes that were different between the biomass and non-use 
systems. 

4.1.4.1 Woody Mill Residuals 

Major sources of manufacturing residuals include sawmills, panel plants, and pulp and paper mills. 
These residuals consist primarily of bark and fine residuals (e.g., sawdust, planer shavings, 
sanderdust). In this study, all woody mill residuals were considered as a whole, in a single analysis. 
Sensitivity analyses were performed to encompass the variability in residual types (see Section 5.1). 

Figure 4.2 illustrates the two product systems that were compared in the case of woody mill residuals.  

1) Biomass Energy System: Production of 1 GJ of energy (heat or combined heat and power) 
using manufacturing residuals. 

2) Non-Use System: Production of 1 GJ of energy (in the same form as in #1) using fossil fuels 
and alternative fate of the residuals. 

Figure 4.2 also shows that the accounting started with the manufacturing-related biomass residuals 
and ended at the point at which the energy has been generated. All of these materials would be 
generated whether or not they would be used for energy generation, and thus there should be no 
effects on upstream processes attributable to the use of the materials for energy. Therefore, upstream 
emissions from the production of these materials were assumed to be the same for both systems and 
they were not included in the analysis.  

In some cases, size reduction of manufacturing residuals is required. As depicted in Figure 4.2, three 
scenarios were considered regarding size reduction (SR0: no size reduction, SR1: size reduction in 
mobile chipper, and SR2: size reduction in stationary chipper). These processes, as well as any related 
upstream emissions, were included in the system boundary of the biomass energy system only as they 
were considered to be unnecessary in the non-use system. The system boundary of the biomass 
energy system also included the processes required to produce the energy at forest products facilities. 
Five system configuration scenarios were considered: heat production only in a stoker boiler (SB), 
heat production only in a fluidized bed boiler (FB), and three levels of combined heat and power 
(CHP1, CHP2, and CHP3) in which the heat is produced in a stoker boiler. 

The non-use system included the upstream emissions for producing the fossil fuel and the energy 
production processes at forest products facilities or utilities. The energy produced was set to be in the 
same form as in the biomass energy system. Figure 4.2 shows the different system configurations that 
were analyzed regarding energy production in the non-use system. It was assumed that heat could be 
produced in forest products facilities using either coal (A) or natural gas (B). Electricity production at 
utilities (see Section 5.1) was assumed to be represented by the US average grid (C), coal (D), or 
natural gas combined cycle (E). When using woody mill residuals to produce 1 GJ of energy, an 
implicit secondary function is accomplished: the management of the quantity of residuals necessary to 
produce 1 GJ of energy (QR). For the two compared systems to be equivalent, it was necessary to 
expand the boundary of the non-use system to account for an alternative fate for these residuals. 
Figure 4.2 shows the two scenarios that were considered for the alternative fate of residuals in the 
non-use systems: 1) placed in landfills (MR1), and 2) incinerated without recovering the energy 
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(MR2). The typical scenario definition and rationale, and more details on the various unit processes 
involved in both systems, are provided in Section 5.1. 

 

Figure 4.2  Compared Product Systems for Woody Mill Residuals 

 

4.1.4.2 WWTP Residuals  

Another manufacturing residual that was included in the study is wastewater treatment plant (WWTP) 
residuals. Figure 4.3 illustrates the two systems that were compared for WWTP residuals:  

1) Biomass Energy System: Production of 1 GJ of energy (heat, power or combined heat and 
power) using the WWTP residuals; and 

2) Non-use System: Production of 1 GJ of energy (in the same form as in #1) using fossil fuels 
and alternative fate of the WWTP residuals. 

Figure 4.3 also shows that the accounting started with the WWTP residuals and ended at the point at 
which the energy has been generated. WWTP residuals would be generated whether or not they are 
used for energy generation, and thus there should be no effects on upstream processes attributable to 
the use of these materials for producing energy. Therefore, upstream emissions from the production 
of these materials were assumed to be the same for both systems and they were not included in the 
analysis. It was also assumed that mechanical dewatering would be required whether the residuals 
would be used for energy generation or disposed of, and hence was not included in the study.  

The system boundary of the biomass energy system included the processes required to produce the 
energy at forest products facilities. Four system configuration scenarios were considered: heat 
production only in a stoker boiler (SB), and three levels of combined heat and power (CHP1, CHP2, 
and CHP3) in which the heat is produced in a stoker boiler. 
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The non-use system included the upstream emissions for producing the fossil fuel and the energy 
production processes at forest products facilities or utilities. Figure 4.3 shows the different system 
configurations that were analyzed. It was assumed that heat could be produced in forest products 
facilities using either coal (A) or natural gas (B). Electricity production at utilities (see Section 5.1) 
was assumed to be represented by the US average grid (C), coal (D), or natural gas combined cycle 
(E). When using WWTP residuals to produce 1 GJ of energy, an implicit secondary function is 
accomplished: the management of the quantity of residuals necessary to produce 1 GJ of energy (QR). 
For the two compared systems to be equivalent, it was necessary to expand the boundary of the non-
use system to account for an alternative fate for these residuals. Figure 4.3 shows the two scenarios 
that were considered for the alternative fate of residuals in the non-use systems: 1) placed in landfills 
(MR1), and 2) incinerated without recovering the energy (MR2). The non-use system included the 
upstream emissions for producing the fossil fuel and the energy production processes at forest 
products facilities or utilities. The typical scenario definition and rationale, and more details on the 
various unit processes involved in both systems, are provided in Section 5.1. 

 

Figure 4.3  Compared Product Systems for WWTP Residuals 

4.1.4.3 Paper Recycling Residuals 

The last manufacturing residual that was included in the study is paper recycling residuals, and more 
specifically old corrugated container (OCC) rejects. Figure 4.4 illustrates the two systems that were 
compared for paper recycling residuals. 

1) Biomass Energy System: Production of 1 GJ of energy (heat, power or combined heat and 
power) using the paper recycling residuals. 

2) Non-Use System: Production of 1 GJ of energy (in the same form as in #1) using fossil fuels 
and alternative fate of the paper recycling residuals. 
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Figure 4.4 also shows that the accounting started with the paper recycling residuals and ended at the 
point at which the energy has been generated. Paper recycling residuals would be generated whether 
or not they would be used for energy generation, and thus there should be no effects on upstream 
processes attributable to the use of the materials for energy. Therefore, upstream emissions from the 
production of these materials were assumed to be the same for both systems and they were not 
included in the analysis.  

The system boundary of the biomass energy system included the processes required to produce the 
energy at forest products facilities. Four system configuration scenarios were considered: heat 
production only in a stoker boiler (SB), and three levels of combined heat and power (CHP1, CHP2, 
and CHP3) in which the heat is produced in a stoker boiler. 

The non-use system included the upstream emissions for producing the fossil fuel and the energy 
production processes at forest products facilities or utilities. Figure 4.4 shows the different system 
configurations that were analyzed. It was assumed that heat could be produced in forest products 
facilities using either coal (A) or natural gas (B). Electricity production at utilities (see Section 5.1) 
was assumed to be represented by the US average grid (C), coal (D), or natural gas combined cycle 
(E). When using paper recycling residuals to produce 1 GJ of energy, an implicit secondary function 
is accomplished: the management of the quantity of residuals necessary to produce 1 GJ of energy 
(QR). For the two compared systems to be equivalent, it was necessary to expand the boundary of the 
non-use system to account for an alternative fate for these residuals. Figure 4.4 shows the two 
scenarios that were considered for the alternative fate of residuals in the non-use systems: 1) placed in 
landfills (MR1), and 2) incinerated without recovering the energy (MR2). The non-use system 
included the upstream emissions for producing the fossil fuel and the energy production processes at 
forest products facilities or utilities. The typical scenario definition and rationale, and more details on 
the various unit processes involved in both systems, are provided in Section 5.1. 

 

Figure 4.4  Compared Product Systems for Paper Recycling Residuals 
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4.1.5 Exclusions and Cut-Off Criteria 

For each of the groups described above, the following components of each product system were not 
included in this study: manufacture of capital equipment, human activities, and unit processes 
common to the systems compared. 

All required data were available. No cut-offs were applied. 

4.1.6 Environmental Indicators Analyzed 

Two main environmental aspects were studied in this study: greenhouse gases (GHGs) and fossil fuel 
consumption.  

Note that in LCA studies, environmental indicator results are relative expressions and do not predict 
impacts on category endpoints, nor the exceeding of thresholds, safety margins, or risks. 

4.1.6.1 Greenhouse Gas Impact (GHGI) 

In this report, the term “greenhouse gas impact” is used to describe the cumulative radiative forcing 
over a period of time that is attributable to emissions of greenhouse gases. Various approaches can be 
used to calculate the greenhouse gas impact. The most common approach is to use the 100-year 
global warming potentials (GWPs) published by the Intergovernmental Panel on Climate Change 
(IPCC 2006c). The 100-year global warming potentials calculated by IPCC represent the cumulative 
radiative forcing over 100 years attributable to a pulse release of a GHG relative to the forcing 
attributable to a pulse release of the same mass of CO2.Using this approach, the 100-year greenhouse 
impact is assumed to occur the same year as the pulse emission. The results are typically expressed as 
kilograms of CO2 equivalents (kg CO2E). GWPs are useful in developing GHG inventories in a way 
that allows the impacts associated with different types of emissions to be compared over 100 years, or 
some other period. IPCC has published GWPs for periods of 20, 100, and 500 years. In this study, the 
timing of impacts was of particular interest, which required a dynamic calculation of cumulative 
radiative forcing as a function of time. To accomplish this, a dynamic carbon footprinting approach 
developed by Levasseur (2013) and Levasseur et al. (2010) was used. This approach produces time-
dependent global warming results based on the cumulative radiative forcing concept. The same 
scientific models are used in the dynamic carbon footprinting approach as used by IPCC to develop 
global warming potentials but the equations are integrated continuously over time with the exception 
of one element (see below). Although the results are typically expressed in units of radiative forcing 
(Wm-2), they can also be presented in terms of kg CO2E, especially if the objective is to compare the 
results to those obtained using GWPs. Approaches similar to the approach proposed by Levasseur et 
al. were used elsewhere (e.g., Alvarez et al. 2012). 

A difference between the dynamic approach proposed by Levasseur et al. (2010) and IPCC’s 
scientific models was mentioned above. The approach proposed by Levasseur et al. includes the 
radiative forcing associated with CO2 formed when methane decomposes in the atmosphere while 
IPCC’s GWPs for methane do not (IPCC 2007, Chapter 2, paragraph 2.10.3). Because this study is 
attempting to identify the difference in total impacts between systems over time, it is appropriate to 
include the radiative forcing associated with CO2 produced from the decomposition of methane in the 
atmosphere. Simulations performed by NCASI comparing the method of Levasseur et al. to IPCC 
global warming potentials indicate that the effect of this difference on results is relatively small over 
periods of interest in this study (i.e., 100 years and less). Table 4.1 shows the results of applying the 
dynamic approach compared to the most recent 100-year global warming potentials from IPCC (IPCC 
2006c). The results using both approaches are also shown in several places in this report.  
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Third, while not traditionally considered in typical LCA studies, the timing of emissions and of 
greenhouse gas impact may be an important consideration for certain policy discussion/design 
contexts. For instance, in the context of this study, timing may be important in cases where the 
alternative to using residuals is allowing them to decay in waste disposal sites. Therefore, this study 
examined the life cycle implications of using biomass residuals for energy as a function of time. For 
each residual, the study computed the number of years it would take for the cumulative greenhouse 
gas impact from the two systems to be equal (break-even time). After this time, the cumulative 
greenhouse gas impacts from the biomass systems remain lower than that from the non-use system for 
remainder of the 100-year period of study. While the Differential GHGI results are presented in terms 
of kg CO2E to facilitate comparison with using the 100-year IPCC GWPs, the yearly differential 
impact is presented in terms of radiative forcing because the graphical results are much easier to 
interpret when presented in terms of radiative forcing units (Wm-2).  

Notes:  

 The materials being examined are biomass residuals. Their use was assumed to have no effect 
on carbon in growing biomass or gross removals of carbon from the atmosphere by the forest. 

 Carbon in products-in-use was not modeled in this study because the fate of carbon in 
products is not affected by the fate of the residuals. 

4.1.6.2 Fossil Fuel Consumption 

Fossil fuel used in the life cycle of each of the product systems studied was computed. The relative 
fossil fuel consumption (“Relative FF CON”) was calculated as follows: 

Relative FF CON (%) = (fossil fuel consumption score for energy production using residuals – 
fossil fuel consumption score for energy production using fossil fuels, including alternative fate of 
residuals)/( fossil fuel consumption score for energy production using fossil fuels, including 
alternative fate of residuals) 

Fossil fuel consumption indicators are not based on an impact assessment model but rather on a 
quantification of the energy inputs to the studied product system. The cumulative energy demand 
method (Hischier and Weidema 2009) was used to quantify fossil fuel consumption because it is the 
most consistent with the life cycle inventory database used in this study. This method uses higher 
heating values in an attempt to characterize the total amount of energy consumed rather than only the 
energy directly used within the system being studied. The cumulative energy demand method tracks 
energy from the point of extraction. 

Note: In this report, when a percent reduction is discussed, it is always compared to the non-use 
system as defined in this study, unless otherwise mentioned. 

4.1.7 Temporal Boundary 

The temporal boundary describes within what time horizon the results of the LCA are analyzed. The 
temporal boundary applies to inventory data and to the impact assessment. In this study, a temporal 
boundary of 100 years was selected because anything beyond that was judged to be too uncertain in 
relation to the goal of the study. This means that emissions were considered within 100 years after the 
residuals are used for energy or discarded. The greenhouse gas impact was also analyzed within this 
same 100-year time frame. When using IPCC GWPs, the greenhouse gas impact of an emission over 
100 years is assumed to occur in the same year as the emissions. As a result, when using 100-year 
GWPs to study systems where emissions occur over time, some of the impacts associated with 
emissions occurring after year 1 actually occur after the 100-year period is ended.   
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4.2  Methodology for Additional Analyses 

In addition to the life cycle analyses described above, the study also included two secondary analyses: 
a gate-to-gate analysis of the fate of biomass carbon, and one of the GHG emissions from the ongoing 
use of residuals for energy production. 

4.2.1 Gate-to-Gate Analysis of Biogenic GHGs 

The gate-to-gate analysis consisted of a more constrained analysis of the emissions of biogenic GHGs 
(mainly CO2, CH4, and N2O) in isolation from any fossil fuel substitution benefits. In this analysis, 
the two compared systems (the biomass energy system and the non-use system) have been compared 
in terms of the emissions coming directly out of the units receiving the residuals (combustion units or 
landfills). In the case of paper recycling residuals, only their fiber fraction was considered as the 
focus here was on the fate of the biomass carbon. In this analysis, the system boundary for the various 
product systems was limited to the units receiving the residuals (i.e., “Energy Production in Forest 
Products Facilities” and “Alternative Fate of Biomass Residuals” in Figure 4.2 to Figure 4.4). The 
results were computed for two indicators described previously: differential GHGI and break-even 
times. A temporal boundary of 100-years was also used for that analysis. 

4.2.2 GHG Emissions from Ongoing Use of Residuals for Energy Production 

The analyses presented above focused on the one-time production of 1 GJ of energy (the functional 
unit) and looked forward in time to estimate the number of years it will take before the emissions 
attributable to the one-time use of biomass for energy are less than the emissions from a comparable 
system that disposes of the residuals. The practice of burning residuals for energy, however, is long-
standing in the forest products industry. Therefore, it was also of interest to examine the net 
greenhouse gas impact over time attributable to the use of manufacturing residuals for energy on an 
ongoing basis. To look at the greenhouse gas impact from the ongoing use of biomass for energy 
production, a different functional unit is required. The functional unit used to assess emissions from 
ongoing practice is “The yearly production of 1 GJ of energy using biomass residuals as an 
ongoing practice.” 

The definition of the temporal boundary is slightly different when analyzing the emissions 
attributable to ongoing practice. In fact, there are two points in time to consider. The first is the time 
required for the annual greenhouse gas impact from a facility using residuals for energy on an 
ongoing basis to equal the annual greenhouse gas impact of a facility disposing of those residuals. 
The second is the time it takes for the cumulative greenhouse gas impact from a facility using 
residuals for energy on an ongoing basis to equal the cumulative greenhouse gas impact of a facility 
disposing of those residuals. It takes longer for the cumulative greenhouse gas impact from the two 
facilities to become equal than it does for the annual greenhouse gas impact to become equal.  

Data from AF&PA and NCASI were used to document the forest product industry’s practices related 
to the use of biomass residuals for energy production. 

4.3 Summary of Data Sources 

North American data were used where possible and data gaps were filled using European data. The 
main data sources are summarized in Table 4.2. 
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4.6 Software Package 

This modeling for this study was performed using SimaPro™ version 7.3.3 and DynCO2 (Levasseur 
2013). 

4.7 Critical Review and Public Use of the Results 

Section 5.2 of ISO 14044 (ISO 2006b, p. 28) specifies that "when results of the LCA are to be 
communicated to any third party (i.e., interested party other than the commissioner or the 
practitioner of the study), regardless of the form of communication, a third-party report shall be 
prepared". This Technical Bulletin is intended to serve as a third-party report. The Standard also 
specifies that "in order to decrease the likelihood of misunderstandings or negative effects on 
external interested parties, a panel of interested parties shall conduct critical reviews on LCA studies 
where the results are intended to be used to support a comparative assertion intended to be disclosed 
to the public" (ISO 2006b, p. 31). This study constitutes a comparative assertion of biomass and non-
use systems. However, no formal peer review was performed, meaning that the study is not fully 
compliant with the ISO 14044 Standard. 

5.0 DETAILED DATA SOURCES AND STUDY ASSUMPTIONS 

This section describes the life cycle inventory step of the LCA, in which the typical scenarios studied 
are described, as are the unit processes modeled, the related system configuration scenarios, and 
sensitivity analyses. 

5.1 Detailed Description of Unit Processes, System Configurations and Sensitivity Analyses 

Table 5.1 presents an overview of the individual components that were combined into the various 
system configurations scenarios that were studied in this project. All possible combinations were 
studied, with a few exceptions that are discussed later in this section of the report, as appropriate. 
From these possible configurations, a typical scenario was also constructed for each of the biomass 
residuals studied. These are presented in Section 5.1.2.5. The next paragraphs describe in detail each 
of the unit processes that were involved in the various system configurations and typical scenarios.  
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The amount of residuals (QR) in dry tonnes required to produce a given amount of usable energy was 
calculated as follows: 

ܳோ ൌ
஽஼ܧ

ܸܪܪ ൈ ݂݂ܧ
 

Where: 

EDC: Usable energy from direct combustion (GJ); 
HHV: Higher heating value (GJ HHV/BDmT); and 
Eff: Boiler efficiency (%). 

GHG emissions due to biomass residual combustion were modeled using emission factors from 
USEPA (2009, Tables C-1 and C-2), converted to physical units7: 

 1,807 kg BioCO2
8/BDmT; 

 0.617 kg CH4/BDmT; and 
 0.0809 kg N2O/BDmT. 

Ashes were assumed to be disposed of in facility landfills. Landfilling of wood ashes was modeled 
using data from the US-EI database (“Disposal, wood ash mixture, pure, 0% water, to sanitary 
landfill/CH WITH US ELECTRICITY U”).  

5.1.2.2 Combustion of Wastewater Residuals 

Residuals from pulp and paper mill wastewater treatment plant (WWTP) operations are often burned 
in mill boilers both to recover energy and for solid waste minimization. Table 5.4 presents example 
characteristics of WWTP residuals that can affect their suitability for combustion. From this table, it 
can be seen that characteristics of residuals vary significantly. In this study, sensitivity analyses for 
residuals combustion were set to account for this variation. 

Co-firing with bark in a stoker boiler was assumed; however, only the fraction of heat from the 
WWTP residuals was analyzed. Burning WWTP residuals is more difficult than burning bark mainly 
because of their high ash and low oxygen content. To compensate for the effects of higher ash and 
lower oxygen contents, the moisture of the residuals must be lower to produce the same efficiency in 
stoker boilers (Kraft and Orender 1993). Kraft and Orender (1993) suggested that for sludge to burn 
like bark, the equivalent of five moisture points must be compensated for in some way. Switching 
from all bark to all residuals is worth five equivalent moisture points and 

 co-firing 90% bark with 10% sludge is worth 0.5 moisture points; and 
 co-firing 80% bark with 20% sludge is worth 1.0 moisture point. 

In this study, the latter, which is more conservative, was assumed. However, as mentioned above, 
only the heat fraction from the residuals was analyzed. Only stoker boilers were analyzed.  

                                                      

7 Heating value and emission factors for wood and wood residuals specified by USEPA are as follows: 15.38 
mmBtu HHV/short ton @12% water, 93.80 kg CO2/mmBtu, 3.2E-2 kg CH4/mmBtu and 4.2E-3 kg 
N2O/mmBtu. 
8 BioCO2: biogenic CO2. 
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A somewhat different approach was taken for cases where combined heat and power would be 
applied to the biomass energy system. CHP configurations vary from facility to facility. In some 
cases, the turbines used to produce power receive steam from all boilers at the facility (i.e., both 
biomass and fossil fuel boilers). In other cases, they receive steam only from specific boilers (biomass 
or fossil fuel). Analyzing a case where the same amount of CHP would be achieved using biomass or 
fossil fuel boilers would have led to results that are very similar to those that were obtained for the 
case where it was assumed there was only heat produced because the only difference would have 
been due to energy losses in the CHP system, which are typically very small. Therefore, in this 
project, a more useful CHP scenario for comparison is one where there would be CHP production 
only in the biomass energy system; if biomass residuals were not used for energy production at forest 
products facilities, then the facility would have burned fossil fuel without CHP and would have to 
purchase the power from local utilities. Three scenarios were analyzed: C) US average electrical grid 
mix, D) power generated using coal, and E) power generated using natural gas combined cycle. These 
scenarios were selected in order to cover a large spectrum of possible mill situations. 

All energy production processes from fossil fuel-related processes were modeled using the US-EI 
database. In specific, the following data sets were used for heat production: 

 Heat from coal: “Bituminous coal, combusted in industrial boiler NREL/US” (this data set 
includes transportation of the coal to the boiler); and  

 Heat from natural gas: “Natural gas, combusted in industrial boiler NREL/US” (this data 
set includes transportation of the natural gas to the boiler). 

Both these data sets are expressed based on the quantity of fuel burned and not on the quantity of 
energy produced. To calculate the energy produced, the following was assumed (U.S. EPA 2009, 
Tables C-1): 

 Coal: boiler efficiency of 85% and higher heating value of 24.93 MMBtu per short ton (29.0 
GJ/tonne); and  

 Natural gas: boiler efficiency of 80% and HHV of 1.028E-3 MMBtu per cubic feet (0.0383 
GJ/m3). 

The following data sets were used for electricity production at utilities: 

 Electricity, bituminous coal, at power plant NREL/US; and 

 Electricity, natural gas, at turbine, 10MW/GLO WITH US ELECTRICITY. 

The US average consumption grid mix was also modeled using processes from the US-EI Database. It 
was calculated by considering the quantity of power produced in the US by type of fuel, the quantity 
of power exported, and the quantity imported from Canada and Mexico. The production mix for the 
United States was calculated using 2010 data from the US Department of Energy, Energy Information 
Administration (EIA 2012, Forms EIA-906, EIA-920 and EIA-923). Data for 2009 from the 
International Energy Agency were used for Mexico (IEA 2013), as these were the most recently 
available. Since electricity imports from Mexico represent less than 3% of the total energy consumed 
in the US, these data are not expected to have a significant effect on the results. Canadian data were 
taken from Statistics Canada (2013a, b, c). Table 5.9 presents the fuel mix for US average electricity 
consumption as well as the US-EI data sets that were used to model it. 
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burning. Stoker boilers can be used to burn biomass residuals for a broad spectrum of sizes (NCASI 
2011a). Woody mill residuals are generally found in sizes suitable for stoker boilers (NCASI 2011a). 
For this reason, as a typical scenario, no size reduction was considered. The ratio of steam to power 
produced was set based on industry data for CHP (from AF&PA, NCASI, and AWC). This study 
analyzed only cases where CHP would be produced using biomass boilers and not fossil fuel boilers. 
Therefore, it was assumed that, at the industry level, the total power produced from CHP would be 
generated from biomass and fossil fuels in forest products facilities in the same ratio as overall fuel 
usage, and only the fraction from biomass was considered (5%). Turbine efficiency assumed for the 
CHP1 scenario above was assumed for the typical scenario as a conservative assumption. The actual 
heat/CHP configuration assumed for this system is depicted in Figure 5.3. 

 

Figure 5.3  Heat/CHP Configuration Considered in the Typical Scenario for Woody Mill Residuals 

The typical scenario considered was based on the data presented earlier in Table 5.13 for the entire 
forest products industry. It can be seen from this table than natural gas and coal are the main fossil 
fuels used by the US forest products industry. Therefore, in the typical scenario, only those two were 
considered in the ratio used by the industry. It was hence assumed that 57% of the steam produced 
from biomass would displace heat from natural gas and 43% would displace heat from coal. All 
(100%) of the displaced power was assumed to be from the US power consumption grid mix average. 
As shown previously in Table 5.14, when woody mill residuals are disposed of, they are either 
landfilled (94%) or burned (6%). However, as the burning reported by NCASI/AF&PA members 
most likely involves recovery of energy, this was not considered to be an alternative fate for the 
typical scenario. Instead, 100% landfilling was considered. It should be noted however, that there are 
very few data on what would be a reasonable “typical” alternative fate for woody mill residuals as it 
is not a common practice of the industry to dispose of these. 
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(fossil fuel- and biomass-related)], the GHGI indicator results from biogenic CO2 releases 
and the total GHG releases11 are depicted separately;  

 the results from the biomass energy system are shown as positive numbers; 
 the results from the non-use system are shown as negative numbers (because they are 

avoided); 
 the “net” bars represent the sum of the different system components; and 
 a net positive indicates that the biomass energy system impacts are greater than the non-use 

system and a net negative indicates that the biomass energy system impacts are lower than the 
non-use system (in other words, the more net negative the indicator result, the more 
beneficial is the biomass energy system). 

As shown in this figure, most of the difference between the biomass energy and non-use systems is 
attributable to non-biogenic CO2 GHGs. More specifically, the methane emissions from landfills 
(most of MR1) avoided when burning residuals to produce energy is responsible for a large portion of 
the benefits from the biomass energy system. Reducing energy production from fossil fuels [i.e., heat 
from coal (A), heat from natural gas (B), and US average power grid (C)] also contributes to the 
difference, but to a lesser extent. The greenhouse gas impact caused by the emissions of biogenic CO2 
are different in the two systems (i.e., the net is not zero) for two reasons. First, much of the biogenic 
carbon is released as methane in the non-use system (included within non-biogenic CO2 GHGs) and 
mostly as carbon dioxide in the biomass energy system. Second, some of the carbon is stored in 
landfills in the non-use system.  

                                                      

11 In this report, “Total GHG releases” is used as a short form for the sum of non-biogenic CO2 GHGs and 
biogenic CO2 GHGs. 
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Figure 6.1.  Contribution Analysis for the Differential GHGI (at 100 Years) for Woody Mill 
Residuals - Typical Scenario 

[In the figure, the different components of the biomass energy system are depicted as follows: CHP 
system as described in Figure 5.3 (CHP_Typ). The components of the non-use system are depicted as 

follows: heat from coal (A), heat from natural gas (B), US average power grid (C), residuals in 
landfills (MR1). Results reflect the use of 100-year GWPs.] 

6.1.1.2 Greenhouse Gas Impact: Relative Non-BioCO2 GHGI 

The result for the “Relative Non-BioCO2 GHGs” indicator is -99.1%12 for both the dynamic carbon 
footprinting approach and IPCC 100-year GWPs, meaning that the biomass product system generates 
almost no GHGs when ignoring biogenic CO2. 

6.1.1.3 Greenhouse Gases: Timing of Impacts 

When residuals are burned for energy, the biogenic carbon is immediately released to the atmosphere. 
In contrast, residuals placed into landfills degrade relatively slowly, releasing the carbon (both CO2 

and CH4) over time.  

Figure 6.2 shows the annual radiative forcing attributable to greenhouse gas emissions from 
producing 1 GJ of energy in the biomass energy and non-use systems. These values have been 
calculated based on the dynamic radiative forcing approach, described in Section 4.1.6.1 of this 
report.13 An explanation of the factors contributing to the radiative forcing is shown in Table 6.1. 

                                                      

12 Non-biogenic CO2 GHGs only. Calculated as follows: (CHP_Typ - A - B - C - MR1)/(A+B+C+MR1). 
13 In Figure 6.2 and Figure 6.3, radiative forcing due to the GHG emissions is plotted in units of Wm-2 instead of 
units of CO2E because, when using dynamic radiative forcing calculations, the relationship between annual and 
cumulative results is much easier to illustrate visually using units of Wm-2. For other residuals addressed later in 
this report, only the differential cumulative results are shown. 
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While Figure 6.2 shows the annual radiative forcing, Figure 6.3 shows the same data but plotted as 
cumulative radiative forcing, in units of Wm-2, associated with emissions of GHGs in the biomass 
energy and non-use systems for woody mill residuals as a function of time. An explanation of the 
sources of this radiative forcing is provided in Table 6.2. Figure 6.3 shows that the differential 
radiative forcing is initially positive because the forcing due to the emissions from the biomass energy 
system is higher than that for the non-use system. The differential cumulative greenhouse gas impact 
quickly becomes negative, however, as landfill emissions increase in the non-use scenario. The figure 
shows that, under the typical scenario assumptions (e.g., alternative fate is 100% landfill), it takes 0.6 
years before the cumulative radiative forcing due to GHG releases in the biomass energy system is 
less than the radiative forcing due to releases in the non-use system. 

 

Figure 6.3  Cumulative GHG Impact for the Biomass Energy and Non-use Systems:  
Woody Mill Residuals - Typical Scenario 
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Figure 6.4 Emissions Timing: Comparing Results Based on Dynamic Carbon Footprinting and 
IPCC 100-Year GWPs 

6.1.1.4 Consumption of Fossil Fuels 

Figure 6.5 shows the relative consumption of fossil fuels (“Relative FF CON,” biomass energy 
system compared to non-use system). It can be seen from the figure that fossil fuel use in the biomass 
energy system is 100% lower; virtually no fossil fuels are used in the biomass energy system. It can 
also be seen from the figure that the main contributor to the difference between the systems is the heat 
from natural gas in the non-use system. 
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Figure 6.5  Relative Consumption of Fossil Fuels for Woody Mill Residuals - Typical Scenario 
[In the figure, the different components of the biomass energy system are depicted as follows: CHP 

system as described in Figure 5.3 (CHP_Typ). The components of the non-use system are depicted as 
follows: heat from coal (A), heat from natural gas (B), US average power grid (C), residual in 

landfills (MR1).] 

6.1.2 Typical Scenario: Perturbation and Sensitivity Analyses 

6.1.2.1 Perturbation Analyses 

As mentioned in Section 4.1.3, sensitivity ratios represent the percent change in an output variable 
caused by a 1% change in one given input variable. For simplicity and given that the GHGI results do 
not vary significantly over a 100-year period depending on the approach used, perturbation analyses 
were performed using IPCC 100-year GWPs. Figure 6.6 shows the sensitivity ratios for the four 
indicators analyzed in this study, for woody mill residuals. The following input variables were tested 
in sensitivity analyses: transportation distance of the residuals (Distance), their water content (WCR), 
their heating value (HHV), and the fraction of their carbon content that is non-degradable carbon 
(FCCND).  

The results depicted in Figure 6.6 should be interpreted as follows. A sensitivity ratio of +1.0 means 
that value of the output variable increases by 1% when the input variable value is increased by 1%. 
The greater the absolute value of the sensitivity ratio, the more intrinsically sensitive a parameter was.  

It can be seen from Figure 6.6 that transportation distance of residuals to the boiler had very little 
effect on the “Differential GHGI” indicator results when compared to the other studied parameters. 
The fraction of non-degradable carbon (FCCND) had the most significant effect on the results, with 
sensitivity ratios of 1.4. The positive ratio means that when increasing the value of the parameter, the 
indicator result is also increased, indicating a declining performance of the biomass energy system 
compared to the non-use system. Increasing the water content of the residuals, and thus reducing the 
boiler efficiency, produced a negative sensitivity ratio, i.e., a positive effect on the results. This is 
because on a per gigajoule basis, more residuals are required to produce the energy and thus more 
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landfilling, and associated methane emissions from landfills, are avoided. The opposite can be seen 
when increasing the higher heating value.  

The time for biomass energy system to have lower cumulative emissions than the non-use system 
(“break-even time” in Figure 6.6) was significantly affected, relatively speaking, by the various 
parameters analyzed, except for the transportation distance of residuals. 

Finally, overall, the relative GHGI and relative fossil fuel consumption indicator results were not 
significantly affected by the parameters analyzed. 

 

Figure 6.6  Sensitivity Ratios for Woody Mill Residuals 

6.1.2.2 Sensitivity Analyses 

Above, perturbation analyses were applied to determine which parameters were intrinsically the most 
sensitive to the results without considering the actual ranges of possible values for these parameters. 
In Table 4.1, the results of sensitivity analyses considering the actual possible ranges of variation for 
each parameter are presented. It is shown that the range of possible heating values for woody mill 
residuals had the most effect on the results. Also, even with the highest heating value for residuals, 
the GHG benefits of the biomass energy system compared to the non-use system are still 
considerable. 
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Figure 6.7  Contribution Analysis for the Differential GHGI (at 100 Years) 
for WWTP Residuals - Typical Scenario 

[In the figure, the different components of the biomass energy system are depicted as follows: CHP 
system as described in Figure 5.4 (CHP_Typ). The components of the non-use system are depicted as 

follows: heat from coal (A), heat from natural gas (B), US average power grid (C), residual in 
landfills (MR1), incineration of residuals (MR2). Results reflect the use of 100-year GWPs.] 

6.2.1.2 Greenhouse Gases: Relative Non-BioCO2 GHGs 

The result for the “Relative Non-BioCO2 GHGs” indicator is -98.7%15 (-99.1% using IPCC GWPs), 
meaning that the biomass energy system generates almost no GHGs when ignoring biogenic CO2 and 
hence, produces a significant reduction when compared to the non-use system. 

6.2.1.3 Greenhouse Gases: Timing of Impacts 

When WWTP residuals are burned for energy, the related biogenic carbon is released to the 
atmosphere immediately. In contrast, WWTP residuals placed into landfills degrade slowly, releasing 
the related biogenic carbon (both CO2 and CH4) over time. Figure 6.8 presents the results of the 
“Differential GHGI” indicator over time using USEPA’s decay rates for materials placed in municipal 
landfills, for the typical scenario. These results were developed using the dynamic carbon footprinting 
approach described in Section 4.1.6.1 of this report and are expressed in units of radiative forcing 
(Wm-2). The net difference is initially negative (i.e., the impact from the biomass energy system is 
lower than that from the no-use system from time equals zero, meaning that the break-even time is 
zero) and then declines over time as the material degrades in landfills. When using IPCC 100-year 
GWPS, the difference in impact is initially positive and the break-even time is observed at 1.8 years. 

                                                      

15 Non-biogenic CO2 GHGs only. Calculated as follows: (CHP_Typ - A - B - C - MR1- MR2)/ 
(A+B+C+MR1+MR2). 
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Figure 6.8  Cumulative Differential GHGI Indicator Results as a Function of Time 
for WWTP Residuals - Typical Scenario 

6.2.1.4 Consumption of Fossil Fuels 

Figure 6.9 shows the results for the relative consumption of fossil fuels indicator (“Relative FF 
CON,” biomass energy system compared to non-use system).  

It can be seen from Figure 6.9 that the biomass energy system used 99.3% less fossil fuel when 
compared to the non-use system defined in this study. This is due to the fact that virtually no fossil 
fuels are used in the biomass energy system. It can also be seen from the figure that the main 
contributor to the lower emissions is avoided heat from natural gas. 
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Figure 6.9  Relative FF CON Indicator Results for WWTP Residuals - Typical Scenario 
[In the figure, the different components of the biomass energy system are depicted as follows: CHP 

system as described in Figure 5.4 (CHP_Typ). The components of the non-use system are depicted as 
follows: heat from coal (A), heat from natural gas (B), US average power grid (C), residual in 

landfills (MR1), incineration of residuals (MR2).] 

6.2.2 Typical Scenario: Perturbation and Sensitivity Analyses 

6.2.2.1 Perturbation Analyses 

Various parameters were analyzed in perturbation analyses. For each of these parameters, a sensitivity 
ratio was calculated (see Section 4.1.3). For simplicity and given that the GHGI results do not vary 
significantly over a 100-year period depending on the approach used, perturbation analyses were 
performed using IPCC 100-year GWPs. 

Sensitivity ratios for the parameters tested in this study are presented in Figure 6.10. It can be seen 
from that figure that the carbon content of the residuals has the most significant effect on the GHGI 
results, with a sensitivity ratio of -1.3. The negative ratio means that when increasing the value of the 
parameter, the score is decreased, indicating an improving performance of the biomass energy system 
compared to the non-use system. The fraction of non-degradable carbon (FCCND) also has significant 
effect on the Differential GHGs results, with sensitivity ratio of 1.1. The positive ratio means that 
when increasing the value of the parameter, the score is also increased, indicating a declining 
performance of the biomass energy system compared to the non-use system. Increasing the water 
content of the residuals, and thus reducing the boiler efficiency, produced a negative sensitivity ratio, 
i.e., a positive effect on the results. This is because on a per gigajoule basis, more residuals are 
required to produce the energy; thus, more landfilling and associated methane emissions from 
landfills are avoided. The opposite can be seen when increasing the higher heating value. Overall, 
Relative GHGs and fossil fuel consumption results were not significantly affected by the parameters 
analyzed. Break-even time was shown, relatively speaking, to be highly sensitive to all parameters 
tested, with the exception of the ash content. 
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fossil fuels also contributes to the lower impact, but to a lesser extent. Emissions of biogenic CO2 are 
different in the two systems for two reasons. First, much of the biogenic carbon is released as 
methane in the non-use system (included within non-biogenic CO2 GHGs) and mostly as CO2 in the 
biomass energy system. Second, some of the carbon is stored in landfills in the non-use system.  

 

Figure 6.11  Contribution Analysis for the Differential GHGI (at 100 Years)  
for Paper Recycling Residuals - Typical Scenario 

[In the figure, the different components of the biomass energy system are depicted as follows: CHP 
system as described in Figure 5.5 (CHP_Typ). The components of the non-use system are depicted as 

follows: heat from coal (A), heat from natural gas (B), US average power grid (C), residual in 
landfills (MR1), incineration of residuals (MR2). Results reflect the use of 100-year GWPs.] 

6.3.1.2 Greenhouse Gases: Relative Non-BioCO2 GHGs 

The result for the “Relative Non-BioCO2 GHGI” indicator is -86.4%17 (-75.2% when using IPCC 
GWPs), meaning that the biomass product system generates almost no GHGs when ignoring biogenic 
CO2. When compared to other types of residuals presented above (woody mill residuals and WWTP 
residuals), the use of paper recycling residuals presents significantly lower overall benefits. This is 
because paper recycling residuals are composed of an important fraction of plastic which, when 
combusted, releases fossil fuel GHGs. 

6.3.1.3 Greenhouse Gases: Emissions Timing 

When paper recycling residuals are burned for energy, the biogenic carbon (both CO2 and CH4) is 
immediately released to the atmosphere. In contrast, residuals placed into landfills degrade slowly, 
releasing the carbon over time. Figure 6.12 analyzes the “Differential GHGI” indicator results over 

                                                      

17 Non-biogenic CO2 GHGs only. Calculated as follows: (CHP_Typ - A - B - C - MR1 - MR2)/ 
(A+B+C+MR1+MR2). 
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time using USEPA’s decay rate for materials placed in municipal landfills for the typical scenario. It 
shows that the differential impact is initially slightly negative (i.e., the impact from the biomass-based 
system is lower than that from the fossil fuel-based system, meaning that the break-even time is zero) 
and declines over time as the material degrades in landfills.  When using the IPCC GWPs, the break-
even time is also zero years. 

 

Figure 6.12  Cumulative Differential GHGI Indicator Results as a Function of Time  
for Paper Recycling Residuals - Typical Scenario 

6.3.1.4 Consumption of Fossil Fuels 

Figure 6.13 shows the relative consumption of fossil fuels (“Relative FF CON,” biomass energy 
system compared to non-use system) for paper recycling residuals. 

It can be seen from that figure that the biomass energy system uses 99.9% less fossil fuel than the 
non-use system. This is due to the fact that virtually no fossil fuels are used in the biomass energy 
system. It can also be seen from the figure that the main contributor to the lower emissions is avoided 
heat from natural gas. Note that the plastic fraction of paper recycling residuals was not considered to 
be fossil fuel. 
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Figure 6.13  Relative Consumption of Fossil Fuels for Paper Recycling Residuals - Typical Scenario 
[In the figure, the different components of the biomass energy system are depicted as follows: CHP 

system as described in Figure 5.5 (CHP_Typ). The components of the non-use system are depicted as 
follows: heat from coal (A), heat from natural gas (B), US average power grid (C), residual in 

landfills (MR1), incineration of residuals (MR2).] 

6.3.2 Typical Scenario: Perturbation and Sensitivity Analyses 

6.3.2.1 Perturbation Analyses 

Various parameters were analyzed in perturbation analyses. For each of these parameters, a sensitivity 
ratio was calculated (see Section 4.1.3). Sensitivity ratios for the parameters tested in this study are 
presented in Figure 6.14. Sensitivity ratios are not shown for break-even times as they were initially 
zero. It can be seen from Figure 6.14 that the fraction of non-degradable carbon (FCCND) and the fiber 
fraction of paper recycling residuals have the most significant effect on the results, with sensitivity 
ratios up to 1.5. The positive ratio obtained for FCCND means that when increasing the value of the 
parameter, the score is also increased, indicating a declining performance of the biomass energy 
system compared to that of the non-use system. Increasing the fiber fraction resulted in a negative 
sensitivity ratio. This means the biomass energy system generated lower emissions or consumed less 
fossil fuel than the non-use system. The water content of the residuals had little effect on the results 
compared to the other parameters. Finally, overall, fossil fuel consumption scores were not 
significantly affected by the parameters analyzed. 
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Figure 6.16  Sensitivity Analyses on Air Emission Control Equipment -  
Manufacturing-Related Woody Biomass Residuals - Typical Scenario 

6.7 Life Cycle Results in Context 

In this study, the life cycle GHG emissions and non-renewable energy consumption associated with 
the US forest products industry’s use of biomass residuals (biomass energy system) have been 
compared to the GHG emissions and the non-renewable energy consumption that would occur if 
fossil fuels were used instead (non-use system). The results have been calculated in terms of the 
differences between these two systems, expressed in terms of value chain GHG emissions. In this 
section of the report, the calculated GHG benefits are put in the context of total emissions from the 
forest products industry value chain in 2010. 

Table 6.13 presents data that allow calculation of the greenhouse gas benefits of using biomass 
residuals for energy generation. From this table, it can be seen that kraft black liquor and woody mill 
residuals represent 24.3% and 34.6%, respectively, of the total energy used by the industry, for an 
overall total of 58.9%.  
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tonnes CO2E) attributable to the use of black liquor in the kraft recovery system. Overall, therefore, 
the use of biomass-based manufacturing residuals in the forest products industry for one year avoids, 
for typical scenarios, the emissions of 218 million tonnes CO2E (ranging from 91.5 to 307 million 
tonnes CO2E). In an earlier study, it was determined that direct emissions of GHGs from fossil fuel 
combustion in the US forest products industry in 2004 were approximately 60 million tonnes CO2E 
per year (Heath et al. 2010). The use of biomass-based manufacturing residuals for one year, 
therefore, avoids a quantity of GHG emissions more than three times the annual fossil-fuel related 
direct GHG emissions from the forest products industry.  

7.0 RESULTS AND DISCUSSION: ADDITIONAL ANALYSES 

This section presents the results of the gate-to-gate analysis of biogenic GHGs and the analysis of the 
emissions of GHGs in the context of ongoing practices. 

7.1 Gate-to-Gate Analysis of Biogenic GHGs 

All the results presented above were computed using a life cycle approach that considered the fossil 
fuels being displaced by biomass residuals. The typical scenarios for the two product systems (i.e., 
one system using biomass for energy and the other system managing it by some other means) have 
also been compared in terms of the emissions coming directly out of the units receiving the residuals 
(i.e., combustion units or landfills). In this analysis, the benefits of fossil fuel substitution were 
ignored. For the gate-to-gate analysis, paper recycling residuals were analyzed in terms of their fiber 
fraction only. 

Gate-to-gate Differential GHGI results are summarized in Table 7.1. These show that, even in this 
highly constrained analysis, using the biomass residuals for energy generation resulted in significant 
GHG release reductions. A significant fraction of the emissions benefits were attributable to 
avoidance of landfill methane. A previous, similarly constrained analysis on black liquor assumed 
that the alternative management would almost certainly involve returning the biogenic carbon in the 
liquor to the atmosphere. In order to be conservative, in that study, it was assumed that the carbon 
would return to the atmosphere as CO2 via incineration or treatment in aerobic wastewater treatment 
plants. This resulted in net zero GHG releases for energy production compared to an alternative fate. 
When not considering fossil fuel substitution, the weighted average improvement in GHG emissions 
associated with the use of all manufacturing residuals, including black liquor, was shown to be 
approximately 50 kg CO2E/GJ. 

Because the benefits of displacing fossil fuels are not included, the times required for cumulative 
emissions from the biomass energy system to fall below the cumulative emissions from the non-use 
system are longer than calculated earlier in this report. Depending on the residual, it required 0 to 7.7 
years, with a weighted average of 2.4 years for typical scenarios (including black liquor), for the 
cumulative emissions from the biomass system to become lower than the cumulative emissions from 
the non-use system.  
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8.0 UNCERTAINTY AND LIMITATIONS 

This section provides further interpretation of the robustness of the results presented above. 

8.1 Data Accuracy and Uncertainty 

Evaluating data accuracy and uncertainty is an important aspect of LCA studies. An LCA is a 
complex model made up of thousands of data points and the accuracy of these data can highly affect 
the results. Analyzing the uncertainty of such a complex model is not straightforward. Techniques 
such as Monte Carlo analysis can be used to evaluate uncertainty, but an important challenge is the 
lack of uncertainty data for the different variables that comprise the LCA model. Therefore, in many 
cases, the robustness of the results and conclusions of LCA studies are assessed using other methods. 
In this study, the parameters with potential effects on the results were analyzed using sensitivity 
analyses covering their most probable range of variation and results were discussed given these 
variations. However, without comprehensive uncertainty data, it was impossible to quantitatively 
assess the statistical significance of the differences between the compared systems. 

The data collection process met the data quality goals as set out in Section 4.4. 

8.2 Limitations 

The main limitations of this study are summarized in this section. They relate primarily to the 
conformity of the study with ISO LCA standards (ISO 2006a, b) and to the data used and assumptions 
made. 

8.2.1 ISO Conformity 

As mentioned previously, a streamlined LCA methodology was used in this study. As a consequence, 
it was not possible to fully comply with ISO 14044 requirements for comparative assertions disclosed 
publicly. The main non-conformances are outlined below. 

 Although the assumptions, models and results were reviewed by a committee of stakeholders, 
no formal external critical review was performed. 

 While the Standard requires that for studies intended to be used for publicly disclosed 
comparative assertions, a sufficiently comprehensive set of impact categories be employed, 
only two were used in this study, in accordance with the study objective. 

 No formal uncertainty analysis was performed. 

In addition, the gate-to-gate analyses need to be understood as additional information rather than as 
an LCA result. 

8.2.2 Data and Assumptions 

Some of the generic data sets used in this study were not specific to the US, although the study 
employed a version of these data sets modified to use US electricity production. 

The relevant characteristics related to the residuals analyzed in this study are typically quite variable. 
This variability was analyzed in sensitivity analyses and results were shown for range of 
characteristic values sufficiently large to cover most of the variability. 

The data identified for size reduction were fixed on a per tonne basis and did not account for the 
extent of size reduction. That said, size reduction was not found to significantly affect the study 
results. 
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Several assumptions were made regarding WWTP residuals that could have affected the study results. 
The main ones are discussed here.  

 It was assumed that mechanical dewatering can achieve 40% solids, that this was sufficient 
for combustion, and that the same level of dewatering was also suitable for transporting them 
to a landfill disposal site. The main reason for this assumption was that no data were available 
concerning the energy consumption for additional dewatering. Assuming additional 
dewatering would have had two main effects on the results. First, this would have decreased 
the overall performance of the biomass energy system by increasing its consumption of 
energy and related releases. Second, assuming drier WWTP residuals would have increased 
boiler efficiency, and thus reduced the quantity of residuals required to produce 1 GJ of 
energy, which would have resulted in lower benefits when analyzing the results on a per 
gigajoule basis, but greater benefits on a per tonne of residuals basis.  

 It was also assumed that WWTP residuals would be co-fired with bark in a 20:80 ratio. Based 
on this ratio, a boiler efficiency was calculated. Increasing the share of residuals in the mix 
burned would have decreased the boiler efficiency, while decreasing their share would have 
increased the efficiency. The effect of boiler efficiency on the results was discussed 
immediately above. The relationship between the share of WWTP residuals burned and boiler 
efficiency is also uncertain. The best available information was used.  

Because paper recycling residuals are made up of a mix of a materials that have characteristics similar 
to WWTP residuals (negative effect on boiler efficiency compared to woody biomass residuals) and 
plastic (positive effect on boiler efficiency compared to woody biomass residuals), it was assumed 
that paper recycling residuals would be burned in boilers with the same efficiency as woody biomass 
residuals at a given water content. Boiler efficiencies for these kinds of material are not known, 
however. The effect of boiler efficiency on the results was discussed above. Also, OCC rejects were 
considered to be representative of paper recycling residuals in general. In cases where, for instance, 
the plastic fraction of other paper recycling residuals is outside the range studied in this study, results 
would be slightly different. However, a broad range of characteristics were examined in this study to 
account for that eventuality. 

The best available data for energy production using fossil fuels were used. These data were deemed 
representative of average US conditions. No sensitivity analyses were performed on that part of the 
modeling. As a consequence, the results of the study cannot be generalized to a broader set of 
conditions regarding energy production from fossil fuels. Also, it was assumed that the difference in 
energy requirements for air emissions control would not vary significantly from one fuel to another. If 
this were not the case, and in particular if the energy penalty for emissions control were lower for 
natural gas than for biomass, the benefits calculated for scenarios involving natural gas would be 
reduced. This is not, however, expected to be significant. 

The results are very sensitive to landfill and waste decomposition characteristics and these 
characteristics are very uncertain. Sensitivity analyses were performed to address this issue. Results 
appear to be robust within the ranges assessed for those characteristics. The analysis of the timing of 
emissions depends heavily on those landfill characteristics. In the absence of information more 
specific to forest products manufacturing residuals, USEPA decay rates for municipal landfills were 
used. These decay rates were derived for a mix of wastes, i.e., not only for woody materials which 
may degrade more slowly. Therefore, the lower decay rates used in the scenarios are probably more 
representative of woody materials. Even considering this, the break-even times were short, with the 
exception of paper recycling residuals that contain a fraction of plastic. 
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Finally, the results on the ongoing practice analyzes are valid only in the context of two main 
assumptions: 1) assuming the same quantity and type of energy produced in every years, 2) assuming 
the same alternative fates and fossil fuel displaced in every year. 

9.0 CONCLUSIONS 

In this study, the GHG and fossil fuel-related benefits of using woody manufacturing residuals, 
recycling residuals, and wastewater treatment plant residuals for energy production within the forest 
products industry were analyzed using life cycle principles and other additional analyses. It was 
shown that using all types of residuals for energy production produces significant benefits both in 
terms of reduced fossil fuel consumption and reduced greenhouse gas emissions. This result is valid 
across a range of system configuration scenarios (boiler type, assumptions about the displaced fossil 
fuel, the GHG intensity of the electricity grid, and the level of cogeneration at forest products 
facilities), residual characteristics (e.g., heating value, moisture content), and whether or not the 
benefits from fossil fuel substitution are considered. These findings hold true whether biogenic CO2 is 
included in the analysis or excluded by giving it an emission factor of zero (equivalent to what is 
sometimes called “carbon neutrality”). The benefits occur without affecting the amount of wood 
harvested or the amount of wood products produced. It typically takes less than one year before the 
cumulative emissions in the biomass energy system are lower than those in the corresponding non-use 
system, with a weighted average (reflecting industry’s typical usage rate) of about one year. Even 
ignoring the benefits of displacing fossil fuel and limiting the analysis to biogenic emissions, the 
cumulative emissions from the biomass energy systems associated with producing 1 GJ of energy are 
lower than those from the non-use systems in 0 to 7.7 years, depending on the residual, with a 
weighted average of 2.4 years.  

When considered as an ongoing practice (e.g., ongoing production of 1 GJ energy per year), and 
when the benefits of displaced fossil fuels are considered, the cumulative impact associated with the 
typical mix of residuals used for energy in the industry becomes less than that of disposing of the 
residuals in less than one year. If the benefits of displaced fossil fuels are ignored, the cumulative 
impact associated with using the typical mix of residuals becomes smaller than the impact associated 
with disposing of the residuals in less than six years.  

The emissions benefits of using manufacturing residuals for energy in the forest products industry are 
large. Given current practice, the use of manufacturing residuals (including black liquor) in the 
industry for one year avoids the emission of approximately 218 million tonnes CO2E, equal to more 
than three times the annual direct emissions associated with the combustion of fossil fuels in the 
forest products industry.  
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APPENDIX A 

ACRONYMS AND NOMENCLATURE 

General Acronyms and Nomenclature: 

AF&PA: American Forest and Paper Association 

AWC: American Wood Council 

BC: Base case 

BDmT: Bone-dry metric tonne 

Bio: Biomass 

BioCO2: Biogenic CO2 

Biogenic GHGs: Biogenic CO2 as well as CH4 produced from decomposing biomass and CH4 and 
N2O produced in biomass combustion 

Biomass energy 
system: 

Product system in which the biomass residuals are used for energy production 

Break-even time: Number of years required for the cumulative emissions from the non-use system 
to equal the cumulative emissions from the biomass energy system 

CHP: Combined heat and power 

CORRIM: Consortium for Research on Renewable Industrial Materials 

CO2: Carbon dioxide 

CO2E: CO2 equivalents, i.e., measure for describing how much global warming a given 
type and amount of greenhouse gas may cause, using the functionally equivalent 
amount or concentration of carbon dioxide (CO2) as the reference 

Cradle-to-final 
energy analysis: 

A cradle-to-final energy analysis can be defined as a specific LCA applied to the 
production of energy. It generally includes the extraction and production of 
fuels, their transportation and their combustion to produce energy. 

Differential 
GHGs: 

Absolute difference in releases of GHGs, including biogenic CO2 emissions and 
removals 

Eff: Efficiency 

EPA: Environmental Protection Agency 

FF: Fossil fuel 
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Non-use system: Product system in which the fossil fuels are used for energy production and in 
which an alternative fate for the biomass residuals is considered or in which only 
the alternative fate of the biomass residuals is considered 

Gate-to-gate 
analysis: 

A gate-to-gate analysis can be described as a partial LCA looking at only one 
value-added process in the entire production chain 

GHG: Greenhouse gas 

GJ: Gigajoule (1 GJ = 0.948 MMBtu) 

GWP: Global warming potential 

HHV: Higher heating value 

H&P: Heat and power 

ISO: International Organization for Standardization 

LCA: Life cycle assessment 

LCI: Life cycle inventory 

LCIA: Life cycle impact assessment 

LHV: Lower heating value 

NG: Natural gas 

N/Av.: Not available 

OCC: Old corrugated containers 

OECD: Organisation for Economic Co-operation and Development 

Relative FF 
CON: 

Relative difference in fossil fuel consumption of the biomass energy system 
compared to the non-use system 

Relative Non-
Bio CO2 GHGs: 

Relative difference in GHGs, not including biogenic CO2, of the biomass energy 
system compared to the non-use system 

Removals: Sequestration or absorption of CO2 from the atmosphere by the trees 

US: United States 

WWTP: Wastewater treatment plant 

 

  



A3 

 

System Configuration Scenarios Nomenclature: 

Alternative Fate Scenarios 

MR1: Landfilling 

MR2: Incineration 

Boiler Type Scenarios 

FB: Fluidized bed boiler 

SB: Stoker boiler 

Fossil Fuel Scenarios 

A: Heat from coal 

B: Heat from natural gas 

C: US-average electricity 

D: Electricity from coal 

E: Fossil fuel scenario, electricity from natural gas combined cycle

Size Reduction Scenarios 

SR0: Size reduction scenario, no size reduction 

SR1: Size reduction scenario, mobile chipper 

SR2: Size reduction scenario, stationary chipper 

 

  



A4 

 

General Nomenclature: 

CC: Biogenic carbon content 

EDC: Usable energy from direct combustion 

ETurb: Steam to turbine 

FCCND: Non-degradable carbon content under anaerobic conditions 

FCH4CB: Fraction of methane captured and burned 

FCH4OX: Fraction of methane oxidized in landfill covers 

k: Decay rate 

L: Losses 

MCF: Methane correction factor 

P: Power to process 

QR: Quantity of residuals required to produced 1 GJ of usable energy 

SHP: High pressure steam to process 

SMP/LP: Extraction steam to process 

WCR: Water content of residuals 

 

 














































































































































































